In this paper, we have studied electron correlation and Gaunt interaction effects in ionization potentials (IPs) and hyperfine constants A of 2p 2 P 1/2 and 2p 2 P 3/2 states along with the fine structure splitting (FSS) between them for boron isoelectronic sequence using relativistic 
I. INTRODUCTION
Researches in isoelectronic sequences of lighter atoms have been a subject of recent interest to study various atomic properties of low-lying atomic states and the transitions between them [1] [2] [3] . Accurate estimations of these properties require correlation corrections with Breit and quantum electrodynamic (QED) effects [4] . However, individual studies of all these effects are necessary to realize the relative strengths between them with increasing atomic number for different isoelectronic sequences. To implement these effects in different many-body theories, suitable form of matrix elements of their operators are necessary. From our literature survey, we have found a number of such formulations for the Breit operator [5] [6] [7] [8] [9] . However, in our work, we have implemented the Gaunt interaction which is the magnetic part of the Breit interaction [9] and is considered to be an order of magnitude larger than the other part, called as the retardation part [5] . Hence the Gaunt interaction is considered to provide a useful approximation to the Breit interaction [5] . The matrix element of the Gaunt operator is reformulated to add with the coulomb operator in a self consistent approach at both the DF as well as the CC level of calculations.
In recent years, a number of theoretical calculations have been performed on boron isoarXiv:1109.6754v2 [physics.atom-ph] 22 Nov 2011 electronic sequence which take into account the Breit interaction in the atomic Hamiltonian [3, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . These calculations have been performed using different many-body approaches like configuration-interaction technique [3, 10, 22] , multi-configuration Dirac-Fock method [4, 11, 12] , weakest bound electron potential model theory [23] , relativistic multireference configurationinteraction technique [13] [14] [15] [16] , multiconfiguration Hartree-Fock method [17] , relativistic manybody perturbation theory [18] [19] [20] [21] etc. Eliav et al. have implemented Breit operator in the CC theory but treated only four members of this sequence to calculate the IPs and the FSS [24] .
Recently, the RCC calculations of this sequence have been performed by Nataraj et al. [25] for Mg VIII, Si X and S XII. They have performed the RCC calculations on different transition properties among some low-lying states of these ions in the basis of Dirac-Coulomb Hamiltonian. In their paper, they have highlighted the requirement of the Breit interaction in the fine structure splitting of 2 2 P term of this sequence.
Isoelectronic sequences are also very useful to study the trends of relativistic and the different correlation effects in the hyperfine properties of different ions [26] . Panigrahy et al. have investigated different correlation mechanisms on the magnetic dipole hyperfine constants (A) of Li like systems by many-body perturbation theory [26] . As members of boron isoelectronic sequence, hyperfine constants of C II, N III and O IV have been calculated by Jönsson et al. [27] . The QED and the interelectronic interaction corrections in hyperfine properties have been analyzed by Oreshkina et al. by large-scale configuration-interaction Dirac-Fock-Sturm method for few members of this sequence [28] .
The purpose of this present paper is to analyze the correlation and the Gaunt effects in the calculations of the IPs, the hyperfine constants A of 2p 2 P 1/2 and 2p 2 P 3/2 states and the FSS between them for boron like systems using relativistic coupled-cluster approach. The systematic investigations of both these effects with increasing atomic number can provide a comparative information about their contributions in the calculations of these properties. Comparisons of the Gaunt contributions at both the DF and the CC levels of calculations have been explicitly studied to test the correlation effects on these. Our final calculated results of the IPs and the FSS including correlation and Gaunt effects, are compared with the results of National Institute of Standards and Technology (NIST) [29] . Graphical variations of these effects are shown with increasing atomic number. The RCC method, applied in these calculations, consist of single, double and partial triple excitations [30] . Different types of correlation effects like core correlation, pair correlation and core polarisation in the hyperfine constants are tabulated and are plotted to observe their variations w.r.t. Z.
II. THEORY A. Matrix element of Gaunt interaction operator
The Breit interaction, introduced by Breit [31] , is the first relativistic correction of the Coulomb interaction. The frequency independent form of the Breit interaction between two electrons, indicated by '1' and '2', is given by
where α 1 and α 2 are the corresponding Dirac matrices and r 12 is the distance of separation between the two electrons [32] . The overall Breit interaction is contributed by magnetic part, called Gaunt interaction [33] as stated earlier, represented by the first term of Eq. 2.1 and the other part which includes the retardation effect, called as retardation part, represented by the remaining part of this equation.
Including Gaunt interaction with Coulomb interaction, the atomic Hamiltonian of a N electron system is written in the form
The irreducible tensor operator form of the Gaunt interaction is given by [7, 9] 
where
(L) [7] . In the long wavelength approximation [7] ,
where r < /r > = min/max(r 1 , r 2 ).
The knowledge of general two electron matrix element of the Gaunt operator is necessary to include this effect in the CC theory which is derived from Ref. [7] and is given as follows:
Here operator strength, X L (ABCD) is written in the following form:
The factor
is associated with the parity selection rule of Gaunt interaction operator which is opposite to the coulomb parity selection rule. The values of a A and a C are +1 or −1 according to the positive or negative kappa values, respectively. The coefficients r ν µ (ABCD) and the radial integrals R ν µ (ABCD) are presented in Table I and Table II , respectively for values of µ=1, 2, 3 or 4. For Table I , we have
P A (r) r and Q A (r) r are the large and small components of the radial part of the wavefunctions, respectively [7] . [9] . However, the direct contribution to the Gaunt interaction is zero [5] . So using the algebras of 3-j symbols from Ref. [9] , we give the exchange matrix element of this operator as follows:
The coefficients r ν µ (ABBA) are presented in Table III and the radial integrals R ν µ (ABBA) are obtained from Table II by Table III , we have
f or ν = L + 1 
B. Coupled-Cluster theory
The CC method is one of the most powerful highly correlated many-body method due to its all order structure to account the correlation effects [34, 35] . This method is used here for the one valence electron and has been described in details elsewhere [30, 34, [36] [37] [38] [39] [40] .
According to the CC theory, the correlated wavefunction of a single valance atomic state having valance orbital 'v' is written in the form
Here, |Φ v is the corresponding DF state. T is the closed shell cluster operator which considers excitations from the core orbitals and S v is the open shell cluster operator corresponding to the valence electron 'v' [40] .
The correlated expectation value of an operatorÔ at any particular atomic state Ψ v can be written as
where O = e T † Oe T .
C. Hyperfine constant A
The hyperfine constant A of a state represented by |JM is given by the following expression:
where µ N is the nuclear magneton and g I is the g-factor of the nucleus having nuclear spin I [40, 41] . The operator T (1) and the single-particle reduced matrix element of the electronic part of this operator is defined in Ref. [42, 43] .
III. RESULTS AND DISCUSSIONS
The CC calculations are based on the generation of DF orbitals. Therefore, accurate descriptions of the radial part of the orbital wavefunctions at the DF level is one of the building blocks for accurate calculations. Here, these orbitals are considered to be gaussian type orbitals (GTOs) and are generated in the environment of V N −1 potential of Dirac-Coulomb Hamiltonian where N is the number of electrons of each single valance system [40] . The radial wavefunctions are generated on 750 grid points which follow, r i = r 0 e h(i−1) − 1 with r 0 = 2 × 10 −6 and h=0.05. The nuclei are considered to obey Fermi type distribution function [40] . The GTOs are obtained by using universal basis parameters: α 0 and β [40, 41] . These parameters, presented in Table IV , are optimized for each system with respect to the wavefunctions obtained from GRASP 2 code where DF equations are solved using numerical technique [44] . In Table V , our calculated IPs at the DF level are presented along with ∆ corr and ∆ Gaunt .
The final results which are the sum of these three, i.e., DF+∆ corr +∆ Gaunt , are compared with the results of NIST in the same table [29] . Except Ca XVI, the final calculated IPs are in good agreement with the NIST results. However, our results for the former element are within the uncertainty limits (about ±16000 cm −1 ) of the experimental measurements [4] . From Table V In Fig. 1 and Fig. 2 , graphical variations of % ∆ corr and % ∆ Gaunt to the IPs w.r.t. Z are presented, respectively. The % ∆ corr first decrease rapidly and then vary slowly whereas absolute values of the % ∆ Gaunt increase linearly with increasing Z. In Fig. 1 , the % ∆ corr curve of 2p 2 P 1/2 states shows slightly more fall compare to the curve of 2p 2 P 3/2 states. Even from Fig.   2 , one can see the curve of 2p 2 P 1/2 is slightly more steep than that of 2p 2 P 3/2 . So from these two figures, it is obvious that with increasing Z, both % ∆ Gaunt and % ∆ corr are more effective for the former states than that of the latter states in determining the IPs. The correlation and the Gaunt effects are found to vary from +1% to −0.1% and −0.01% to −0.04%, respectively in the IPs.
In Table VI , the FSS between 2p 2 P 1/2 and 2p 2 P 3/2 states are tabulated with correlation and Gaunt contributions. The final results are compared with the results of NIST [29] . From this table one can find, except at Z=8, ∆ corr are negative for rest of the Z and their absolute values increase with increasing Z. But ∆ Gaunt are negative for all the Z and their absolute values also increase with increasing Z. In the cases of Mg VIII, Si X and S XII, our CC results (DF+∆ corr ) are in good agreement with the results of Nataraj et al. [25] . However, the significant improvement of the final results due to the inclusion of the Gaunt interaction not only for these but also for the other ions are noted from this table.
In Fig. 3 , variation of percentage correlation and Gaunt contributions to the FSS are plotted w.r.t. Z. This figure highlights that from Z=9, absolute values of % ∆ corr first increase rapidly, then slow down and after Z=16, decrease slowly whereas absolute values of % ∆ Gaunt decrease systematically with increasing Z. Up to Z=9, % ∆ Gaunt dominate over % ∆ corr , but after that the case is reverse. From this figure. one can see, % ∆ corr vary from +1.5% to −4.5% and % ∆ Gaunt vary from −4.5% to −1.5% in the FSS. These show that both ∆ corr and ∆ Gaunt are very much important in accurate determinations of the FSS compare to the IPs.
In Table VII , the hyperfine constants A are tabulated with correlation and Gaunt effects.
In these calculations, the most stable isotopes of the each elements are chosen and the g I values of these isotopes are calculated from Ref. [45] . Here, we consider the magnitudes of the of 2p 2 P 1/2 and 2p 2 P 3/2 states are 1647 and 324 MHz, respectively which are in good agreement with our final results [27] . This table clearly shows correlation contributions arise as a dominating mechanism compared to the Gaunt contributions in the determinations of the hyperfine constants. Contrary to the IP, the DF result differ significantly from the final result of 2p 2 P 3/2 state for Z=16 due to the difference of the wavefunctions between two different level of calculations.
In Table VIII , important correlation contributions from core correlation (O − O), pair correlation (OS 1v +c.c.) and the lowest order core polarisation (OS 2v +c.c.) along with correlations from the terms S † 2v OS 2v +c.c. and normalization corrections to the hyperfine constants are reported [41] . Here c.c. stands for complex conjugate of the corresponding term [41] . The remaining correlation contributions come from the terms like S † 1v OS 1v +c.c. and S † 1v OS 2v +c.c. and the other effective two-body terms [41] which are not discussed here due to their relatively small contributions. As seen from this table, the pair correlation effects are positive, but core correlation and core polarisation effects are opposite in sign between the fine structure states. For lighter ions, considerable correlation contributions are found to occur from the terms S † 2v OS 2v +c.c. for 2p 2 P 3/2 states.
The variation of % ∆ corr , i.e., the percentage of total correlation contributions, w.r.t. Z to the hyperfine constants are shown in Fig. 4 and Fig. 5 along with the different correlation effects for 2p 2 P 1/2 and 2p 2 P 3/2 states, respectively. The percentage correlation contributions of the different correlation terms are calculated w.r.t. the DF results. Like the IPs, here also % ∆ corr first decrease rapidly and then decrease slowly with increasing Z. But unlike to the IPs, % ∆ corr are positive everywhere. The % ∆ corr of 2p 2 P 1/2 and 2p 2 P 3/2 states vary from +4.25% to +1.25% and +8% to +4%, respectively. As Z increase, absolute values of the percentage correlation contributions from the different correlation terms decrease. Among these, the core correlation effects are most stable with respect to the other two correlation effects. At higher Z values, major correlations come from the core correlations and the next higher contributions come from the core polarisations.
In Table IX, Table X and Table XI , Gaunt contributions to the IPs, the FSS and the hyperfine A constants are presented, respectively at both the DF and the CC levels of calculations to show their changes due to correlation effects. From Table IX , it is seen for 2p 2 P 1/2 states where correlation effects on Gaunt contributions are increasing systematically, for 2p 2 P 3/2 states, it is increasing up to Z=15 and then start decreasing with increasing Z. The same table also shows that correlation effects on Gaunt contributions are relatively more stronger for 2p 2 P 1/2 states compare to the 2p 2 P 3/2 states. In the IP's, correlation effects change the Gaunt contributions from the DF to the CC levels by +7.50% to +2.94% and +3.73% to −0.09% for 2p 2 P 1/2 and 2p 2 P 3/2 states, respectively. However, in the FSS the changes are more stronger which are about +17.34% to +15.13%. As expected due to relatively large correlation effects, the dramatic changes occur in the hyperfine constants as seen from Table XI which almost exhaust the Gaunt contributions at the DF levels and provide very small to the CC levels. These changes are about +102.97% to +88.60% and +88.89% to +75.61% for 2p 2 P 1/2 and 2p 2 P 3/2 states, respectively. 
IV. CONCLUSION
Detail analysis of the electron correlation and the Gaunt contributions to the IPs and the hyperfine constants A have been performed for first two low-lying states of boron like systems using the RCC approach. We have reported the important role of these two effects in the determinations of the FSS. Gaunt contributions from the DF to the CC levels of calculations have been discussed elaborately. The strengths of the correlation and the Gaunt effects among all these properties with increasing Z have been established. In the framework of the RCC theory, contributions from the different correlation terms to the hyperfine constants A have been studied descriptively. We hope, in future, our study will be extended to incorporate the retardation as well as the QED effects in both the DF and the CC levels of calculations for more accurate descriptions of all these properties. This will be also useful to judge the relative strengths of all these effects with increasing Z not only for this sequence but also for all the other isoelectronic sequences having higher degree of correlation.
